The phosphorylation-dependent mechanisms regulating activation of the human neutrophil respiratory-burst enzyme, NADPH oxidase, have not been elucidated. We have shown that phosphatidic acid (PA) and diacylglycerol (DG), products of phospholipase activation, synergize to activate NADPH oxidase in a cell-free system. We now report that activation by PA plus DG involves protein kinase activity, unlike other cell-free system activators. NADPH oxidase activation by PA plus DG is reduced -70% by several protein kinase inhibitors [1-(5-isoquinolinesulfonyl)piperazine, staurosporine, GF-109203X]. Similarly, depletion of ATP by dialysis reduces PA plus DG-mediated NADPH oxidase activation by -70%. Addition of ATP, but not a nonhydrolyzable ATP analog, to the dialyzed system restores activation levels to normal. In contrast, these treatments have little effect on NADPH oxidase activation by arachidonic acid or SDS plus DG. PA plus DG induces the phosphorylation of a number of endogenous proteins. Phosphorylation is largely mediated by PA, not DG. A predominant substrate is p47-phox, a phosphoprotein component of NADPH oxidase. Phosphorylation of p47-phox precedes activation of NADPH oxidase and is markedly reduced by the protein kinase inhibitors. In contrast, arachidonic acid alone or SDS plus DG is a poor activator of protein phosphorylation in the cell-free system. Thus, PA induces activation of one or more protein kinases that regulate NADPH oxidase activation in a cell-free system. This cell-free system will be useful for identifying a functionally important PA-activated protein kinase(s) and for dissecting the phosphorylation-dependent mechanisms responsible for NADPH oxidase activation.
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Phagocytic cells undergo a respiratory burst in response to infection or inflammation, and the oxygen products produced are toxic to microbes and surrounding tissue (1) (2) (3) (4) . The enzyme responsible is a multicomponent NADPH oxidase, consisting of a membrane-bound heterodimeric flavocytochrome, cytochrome b558, and two cytosolic proteins termed p47-phox (phagocyte NADPH oxidase component migrating at 47 kDa on SDS/PAGE) and p67-phox (1) (2) (3) (4) . At least three other proteins are also involved: a cytosolic protein termed p40-phox and two small GTP-binding proteins-membraneassociated Rapla and cytosolic Racl or Rac2 (5) (6) (7) (8) (9) . Activation involves translocation of the cytosolic proteins to assemble with cytochrome b558 in the membrane (2, 4, 10) , mediated in part by Src homology 3 regions in p47-phox and p67-phox (10) .
Physiological stimuli induce activation of NADPH oxidase by binding to receptors on the cell surface, triggering intracellular signaling events (11, 12) . Key intermediates are phospholipases A2, C, and D and their products: arachidonic acid (AA), inositol trisphosphate, diacylglycerol (DG), and phosphatidic acid (PA) (11, 12) . These second messengers lead to protein kinase activation (11) (12) (13) (14) (15) (16) (17) (18) , and studies suggest that protein phosphorylation regulates NADPH oxidase activation (4, 11) . A prominent substrate is p47-phox, which is phosphorylated on seven to nine serine residues by stimulation of intact cells (19) . However, direct evidence for regulation of NADPH oxidase activation by phosphorylation is lacking.
We and others (see ref. 12 ) have linked PA to triggering of the respiratory burst in human neutrophils. Enzymes downstream of PA leading to NADPH oxidase activation have not been identified. We developed a cell-free system for activation of NADPH oxidase by PA (20) . Activation occurs in mixtures of membrane and cytosolic fractions from unstimulated neutrophils and is synergistic in the presence of DG. Since this system contains many cellular enzymes, targets of PA could be present.
PA activates several protein kinases, including isoforms of protein kinase C (PKC) and purified fatty acid-regulated protein kinases (14) (15) (16) (17) . Here, we investigate whether the cell-free activation of NADPH oxidase by PA is mediated by a protein kinase intermediate. Our results indicate that PA activates a protein kinase that phosphorylates the enzyme component p47-phox and leads to NADPH oxidase activation. This cell-free system will be a powerful tool for dissecting the role of protein phosphorylation in NADPH oxidase activation and for characterizing a second-messenger function of PA.
MATERIALS AND METHODS Materials. Staurosporine was from Biomol (Plymouth Meeting, PA), GF-109203X was from LC Laboratories (Woburn, MA), and 1-(5-isoquinolinesulfonyl)piperazine (C-I) was synthesized by Mike Thomas (Wake Forest University Medical Center) (21) . Recombinant p47-phox (Rp47) was from Tom Leto (National Institutes of Health) (22 (20, 23) .
Isolation and Fractionation of Neutrophils. Neutrophils were isolated from heparinized venous blood of several normal individuals and two patients with the p47-phox-deficient form of chronic granulomatous disease (CGD) (2), as described (24) . Neutrophils were disrupted and membrane and cytosolic fractions were obtained by discontinuous sucrose density gradient centrifugation (20, 23) . Protein was determined with the bicinchoninic acid assay (Pierce) (25) . Unless otherwise indicated, each repeat of an experiment used fractions from a separate donor.
Depletion and Measurement of Endogenous Nucleotides. Neutrophils were sonicated in 11% (wt/vol) sucrose/100 mM KCl/3 mM NaCl/3.5 mM MgCl2/0.5 mM phenylmethylsulfonyl fluoride/10 mM Pipes, pH 7.0 (26) and fractionated as above. Cytosol was dialyzed for 18 hr at 4°C against three changes of sonication buffer without sucrose (26) .
ATP levels in subcellular fractions were determined by luciferin-luciferase assay (27, 28) , using an ATP standard curve. Samples were deproteinized with cold 2.88% perchloric acid, neutralized with 2.8 M K2CO3, and diluted in luminometer buffer (0.1 M Tris, pH 7.75/2 mM EDTA). After addition of Chrono-Lume reagent (Chrono-Log, Havertown, PA), light emission was read in a Chrono-Log aggregometer.
Cell 
RESULTS
Effect of Protein Kinase Inhibitors on Cell-Free Activation of NADPH Oxidase. To investigate whether protein kinases participate in NADPH oxidase activation mediated by PA plus DG, we first examined the effect of three protein kinase inhibitors that compete for the ATP-binding site in protein kinases: C-I, with specificity for protein serine/threonine kinases (21, 31); staurosporine, a potent inhibitor of protein serine/threonine and tyrosine kinases (32, 33) ; and GF- 109203X, a more selective inhibitor of PKC (34) . Concentration-dependent inhibition was observed with each inhibitor (IC50 values: C-I, -15 ,uM; staurosporine, -4 nM; GF-109203X, -35 nM). The maximum effect ("70% inhibition) of each was similar (Fig. 1A) .
Other lipids and detergents (AA, SDS, SDS plus DG) induce cell-free activation of NADPH oxidase (4, 10) . These act directly on enzyme components and are not sensitive to protein kinase inhibitors (35) (36) (37) (38) . We found little effect by C-I staurosporine, or GF-109203X with SDS plus DG (Fig. 1B) or with AA (Fig. 1C) as activator. Thus, NADPH oxidase activation by PA plus DG, but not by SDS plus DG or by AA, may require a protein kinase.
ATP Dependence of NADPH Oxidase Activation Induced by PA plus DG. To provide additional support for protein kinase involvement, we examined the ATP requirement in the cellfree system. Cytosolic fractions were dialyzed to reduce the level of endogenous nucleotides. ATP levels were measured in cell fractions, and the ATP concentrations in the cell-free assay were calculated to be 2.24 and 0.015 ,uM (n = 2) with undialyzed and dialyzed cytosol, respectively. Activation of NADPH oxidase by PA plus DG, for the dialyzed cytosolic fraction, is shown in Fig. 2A . Without added nucleotides, low levels of NADPH oxidase activation occurred. Addition of 50 ,uM ATP slightly increased the activity, and 3 ,uM GTP[y-S] alone had a larger effect (-33% of maximal). Addition of ATP with GTP[-y-S] caused a 3-fold stimulation of activity over that seen with GTP[-y-S] alone. ATP[13,y-NH], a nonhydrolyzable analog of ATP, did not substitute for ATP, suggesting that ATP hydrolysis was needed. Activation plateaued at 10-15 ,uM ATP (n = 2; data not shown).
In contrast to the results with PA plus DG, GTP[y-S] alone supported optimal NADPH oxidase activation by AA (Fig.  2B) . The lack of an ATP requirement for activation of NADPH oxidase by AA agrees with other reports (26, 39) . Overall (Fig. 3, H20) , only a few proteins incorporated 32p. The addition of DG had little effect. In contrast, PA induced a dramatic increase in phosphorylation of a wide range of proteins. The combination of PA and DG was slightly more effective. Thus, PA is a strong activator of protein kinase activity with wide substrate specificity in human neutrophils.
Phosphorylation induced by PA plus DG was compared with that of other cell-free system activators of NADPH oxidase. AA, SDS, and SDS plus DG are known to induce the cell-free Fig. 3) . The protein at 47 kDa is p47-phox, based first on comigration with prephosphorylated Rp47 (Fig. 3, Std) . Also, a phosphorylated protein at 47 kDa is absent in cell-free mixtures containing cytosolic fractions from patients with CGD that are missing p47-phox (Fig. 4) . Finally, the inclusion of unphosphorylated Rp47 with the cytosolic fraction from a patient with CGD caused the band at 47 kDa to reappear (Fig.  4) fractions lacking p47-phox were mixed with normal membrane fractions (CGD, 0.6 ± 0.4; normal = 4.2 ± 0.7 ,umol of 02-per min per mg, mean ± SEM, n = 3). Rp47 (200 ng) restored activity (CGD, 3.1 ± 0.7; normal, 4.2 ± 0.9), and the recombinant protein was heavily phosphorylated (Fig. 4) .
Second, the time courses for phosphorylation and NADPH oxidase activation by PA plus DG were compared (Fig. 5) . Phosphorylation of p47-phox proceeded linearly between 1 and 15 min, reached maximum by 30-45 min, and decreased at 60 min. NADPH oxidase activation had a distinct lag and was still increasing slightly at 30-60 min. Clearly, phosphorylation of p47-phox preceded NADPH oxidase activation, consistent with a transducing role for the phosphorylation event. Finally, the inhibitors that decreased NADPH oxidase activation by PA plus DG in Fig. 1 were tested for their effects on protein phosphorylation induced by PA plus DG. Each inhibitor diminished the overall level of protein phosphorylation, including phosphorylation of p47-phox and the protein migrating at 40 kDa (Fig. 6 ). Staurosporine (lane 5) was the most effective, followed by C-I (lane 4) and GF-109203X (lane 6). Thus, the protein kinase(s) activated by PA plus DG is sensitive to the same inhibitors that reduce NADPH oxidase activation. Overall, these results (Figs. 3-6 ) suggest that phosphorylation of p47-phox by a PA-activated protein kinase regulates the cell-free activation of NADPH oxidase.
DISCUSSION
We find, in a cell-free system from human neutrophils, that PA activates one or more protein kinases that participate in the activation of the multicomponent enzyme NADPH oxidase. Three lines of evidence support this conclusion. (i) The synergistic activation of NADPH oxidase by PA plus DG is sensitive to several protein kinase inhibitors and is ATPdependent. (ii) PA induces the phosphorylation of a wide array of endogenous proteins, including p47-phox, a phosphoprotein component of NADPH oxidase. (iii) Phosphorylation precedes induction of enzyme activation and is sensitive to the same protein kinase inhibitors.
Studies in intact neutrophils have correlated the production of PA with the activation of NADPH oxidase (12) . Many physiological agonists activated phospholipase D to produce PA (12, (41) (42) (43) (44) . However, a second-messenger function for PA was not proven. Our cell-free system for NADPH oxidase activation by PA plus DG (20) allows us to address this issue.
The current studies suggest that a target for PA in this cell-free system is one or more protein kinases. PA, but not DG, AA, SDS, or SDS plus DG, strongly induces the phosphorylation of many endogenous proteins (Fig. 3) The protein kinase(s) activated by PA in this cell-free system is not yet identified. The inhibitor profile (Fig. 6 ) is consistent with a protein serine/threonine kinase related to PKC. However, staurosporine, with specificity for both serine/threonine and tyrosine kinases, was a more effective inhibitor than C-I or GF-109203X, suggesting that phosphorylation of some proteins on tyrosine residues contributes to the pattern obtained. This has not been investigated. Since the three inhibitors were about equally effective for inhibition of NADPH oxidase activation (Fig. 1A) , it is likely that the protein kinase(s) critical for this process is a serine/threonine kinase.
PA is known to activate some isoforms of PKC (14, 17, 47) , as well as one or more purified fatty acid-regulated protein kinases (13, 15, 16, 48) . The activation of phospholipase D has been linked to the activation of several unidentified protein kinases in neutrophils from guinea pigs (49) . Thus, several protein kinases are candidate targets for PA.
Our results suggest that the activation of NADPH oxidase by PA plus DO represents a different cell-free system for activation of this enzyme. Activation by PA plus DG, but not that by AA or by SDS plus DG, is largely ATP-dependent and sensitive to protein kinase inhibitors ( Figs. 1 and 2 ) (26, (35) (36) (37) (38) (39) . The basis for the low level of protein kinaseindependent activation is unknown. Nevertheless, the PA plus DG-dependent cell-free system should provide insight into the phosphorylation-dependent mechanisms of NADPH oxidase activation. The protein kinase(s) involved and its relevant substrates can be identified, purified, and functionally characterized. Phosphorylation-dependent mechanisms identified Proc. Natl. Acad. Sci. USA 92 (1995) in the cell-free system can be further assessed in an intact cell context.
A prominent endogenous substrate for the PA-activated protein kinase is the NADPH oxidase component of p47-phox (Figs. 3-6 ). The dynamic state of p47-phox phosphorylation may modulate NADPH oxidase activation (50) (51) (52) (53) (54) (55) , but the mechanisms involved are unclear. The PA plus DG-dependent cell-free system is an important tool to address this issue.
In conclusion, we have demonstrated the involvement of a PA-activated protein kinase in a cell-free system for the activation of the neutrophil NADPH oxidase enzyme system. A functional role for a PA-activated protein kinase has not been reported. This system provides a powerful tool for structurally identifying the protein kinase(s), dissecting its functional effects, and determining the structural features of components important for the phosphorylation-dependent activation of the NADPH oxidase.
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